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Abstract 

---------------------------------------------------- 

Carbon, as the main building block of organic compounds, is one of the most 

important chemical elements essential for all living organisms. Much of the discussion 

on nanotechnology perspectives has been centered around carbon-based nanostructures 

in the last three decades due to the popularity of fullerenes, nanotubes, and 

unprecedented success of graphene. The interest in low-dimensional carbon materials 

has been exponentially growing ever since, because of their exceptional electrical, 

chemical, thermal, and optical properties. Carbon-based nanomaterials, in particular, 

carbon nanotubes (CNTs) and graphene, provide a variety of new opportunities for 

fundamental and applied research across many disciplines of science. A prerequisite for 

many of these applications is a thorough understanding of the nature of the elementary 

and coupled excitations, and various dynamical processes involving them. There are 

three facets of the work that has been conducted for the current thesis. The first one 

deals with the study of the electrical and linear optical properties including light-

emitting characteristics of suspensions and thin films of carbon quantum dots and 

nanoparticles. Starting from graphitic microparticles, the carbon quantum dots and 

nanoparticles were synthesized by nanosecond laser ablation in ultrastable aqueous 

suspensions and thin films, respectively. The reason for the ultrastability of the 

quantum dot suspensions without the use of any additives/surfactants was determined 

to be due to the similar charges developed on them during the growth itself. Electrical 

measurements on thin films of carbon nanoparticles revealed a hopping mechanism for 

electrical conduction. Simultaneous measurements confirmed persistent 

photoconductivity which implies the presence of a large density of localized/disordered 

states. Other than oxygenated impurities that are responsible for the luminescent 

properties of the amorphous carbon nanoparticle films, clear signatures of shallow and 

deep level localized or trap states were determined from the temperature-dependent 

electrical and optical experiments. The second part of the work involved extensive use 

of femtosecond laser pulses for the determination of hot carrier dynamics in carbon 

nanotubes and graphene oxide flakes. Femtosecond time-resolved optical pump-probe 

spectroscopy of single walled carbon nanotubes (SWCNTs) helped us to determine 
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electron-phonon coupling strength and π-plasmon dynamics in them. Competing 

photobleaching and induced-absorption effects, involving processes of intraband 

relaxation and intertube coupling in bundles by charge transfer, were observed 

simultaneously within the first 200 fs in the recovery of the photoinduced changes in 

the ultrafast response. Ultrafast photoresponse through time-resolved differential 

transmission measurements revealed three relaxation channels for carrier/energy decay 

in graphene oxide flakes. The first two time-constants of the decay process are same as 

the signature features of pristine graphene, however, a third and much weaker 

component with time-constant of ~70 ps is also observed, which has to do with the 

defects and oxygenated impurities in graphene oxide. Detailed temperature-dependent 

measurements allowed us to understand the phonon bottleneck behavior in the hot 

carrier relaxation dynamics. In the last part of the thesis, sub-bandgap photoactivation 

in a transition dichalcogenide monolayer sandwiched between two graphene layers has 

been studied by employing ultrashort THz pulses. For these measurements, sub-

picosecond THz pulses were generated by dual-colour ultrafast air-plasma to employ 

them as probe pulses for measuring femtosecond optical pulses-induced effects in the 

specially designed tri-layer heterostructure. The photogenerated carrier gradient in the 

two graphene layers, separated by the transition metal dichalcogenide layer provides 

the main force for the carriers to migrate to the intermediate layer facilitating 

enhancement in the overall photocarrier generation and hence optical pump-induced 

THz response from the system as compared to either graphene or the transition metal 

dichalcogenide monolayer alone. Besides, the stationary THz conductivity in an 

ultrabroad THz frequency range has also been measured for the individual layers as 

well as the heterostructures, which is a very good addition to the literature for 

determining futuristic applications of such quantum materials for all-optical devices.     

 

 

 

 

 

 

 

 



 

साराांश 
---------------------------------------------------- 

कार्बन, कार्बननक यौनिकों के मखु्य ननमाबण खांड के रूप में, सभी जीनित जीिों के निए आिश्यक सर्से महत्िपणूब रासायननक तत्िों में 

से एक ह।ै फुिरीन, नैनोट्यरू् की िोकनियता और ग्रेफीन की अभतूपिूब सफिता के कारण नपछिे तीन दशकों में नैनो-िौद्योनिकी के दृनिकोण 

पर अनिकाांश चचाब कार्बन-आिाररत नैनोस्ट्रक्चर के आसपास कें नित रही ह।ै उनके असािारण निद्यतु, रासायननक, थमबि और ऑनटटकि 

िुणों के कारण, ननम्न-आयामी कार्बन सामग्री में रुनच तेजी से र्ढ़ रही ह।ै कार्बन आिाररत नैनोमैटेररयल्स, निशेष रूप से, कार्बन नैनोट्यरू् 

(सीएनटी) और ग्रैफेन, निज्ञान के कई निषयों में मौनिक और अनिुयकु्त अनसुांिान के निए कई नए अिसर िदान करते हैं। इनमें से कई 

अनिुयोिों के निए एक शतब िाथनमक और यनुममत उते्तजनाओ ां की िकृनत और उन्हें शानमि करने िािी निनभन्न िनतशीि िनियाओ ां की 

िहन समझ ह।ै ितबमान थीनसस के निए नकए िए कायब के तीन पहि ूहैं। पहिा, कार्बन क्िाांटम डॉट्स और नैनोकणों की ननिांर्न और पतिी 

नफल्मों की िकाश उत्सजबक निशेषताओ ां सनहत निद्यतु और रैनखक ऑनटटकि िुणों के अध्ययन से सांर्ांनित ह।ै ग्रेफाइनटक माइिोपानटबकल्स 

से शरुू होकर, कार्बन क्िाांटम डॉट्स और नैनोकणों को िमशः अल्रास्ट्टेर्ि जिीय ननिांर्न और पतिी नफल्मों में नैनोसेकां ड िेजर एब्िेशन 

द्वारा सांशे्लनषत नकया िया था। नकसी भी एनडनटव्स/सफैक्टेंट्स के उपयोि के नर्ना क्िाांटम डॉट सस्ट्पेंशन की अल्रास्ट्टेनर्निटी का कारण 

निकास के दौरान ही उन पर निकनसत समान चाजब के कारण ननिाबररत नकया िया था। कार्बन नैनोकणों की पतिी नफल्मों पर निद्यतु मापन ने 

निद्यतु चािन के निए एक हॉनपांि तांत्र का खिुासा नकया। एक साथ मापन ने ििातार फोटोकॉन्डनक्टनिटी की पुनि की नजसका तात्पयब 

स्ट्थानीयकृत / अव्यिनस्ट्थत राज्यों के र्डे घनत्ि की उपनस्ट्थनत से ह।ै ऑक्सीजन यकु्त अशनुियों के अिािा, जो अनाकार कार्बन 

नैनोपानटबकि नफल्मों के ल्यनूमनसेंट िुणों के निए नजम्मेदार हैं, उथिे और िहरे स्ट्तर के स्ट्थानीयकृत या जाि राज्यों के स्ट्पि हस्ट्ताक्षर 

तापमान-ननभबर निद्यतु और ऑनटटकि ियोिों से ननिाबररत नकए िए थे। काम के दूसरे भाि में कार्बन नैनोट्यरू् और ग्रैफेन ऑक्साइड फ्िेक्स में 

िमब िाहक िनतशीिता के ननिाबरण के निए फेमटोसेकां ड िेजर दािों का व्यापक उपयोि शानमि था। एकि दीिार िािे कार्बन नैनोट्यूर् 

(एसडब्ल्यसूीएनटी) के फेमटोसेकां ड समय-समािान ऑनटटकि पांप-जाांच स्ट्पेक्रोस्ट्कोपी ने हमें इिेक्रॉन-फोनन युममन शनक्त और उनमें π-

टिास्ट्मोन िनतशीिता ननिाबररत करने में मदद की। फोटोब्िीनचांि और िेररत-अिशोषण िभािों का मकुार्िा, चाजब राांसफर द्वारा र्ांडिों में 

इांरार्ैंड छूट और इांटरट्यरू् कपनिांि की िनियाओ ां को शानमि करते हुए, अल्राफास्ट्ट िनतनिया में फोटोइांडे्रटेड पररितबनों की िसिूी में पहिे 

200 एफएस के भीतर एक साथ देखा िया था। समय-समािान अांतर सांचरण माप के माध्यम से अल्राफास्ट्ट फोटोरस्ट्पॉन्स ने ग्राफीन 

ऑक्साइड फ्िेक्स में िाहक / ऊजाब क्षय के निए तीन निश्राम चैनिों का खिुासा नकया। क्षय िनिया के पहिे दो समय-नस्ट्थराांक िाचीन ग्रैफेन 

की हस्ट्ताक्षर निशेषताओ ां के समान हैं, हािाांनक, ~ 70 पीएस के समय-नस्ट्थराांक के साथ एक तीसरा और र्हुत कमजोर घटक भी देखा जाता 

ह,ै नजसका दोष और ऑक्सीजन यकु्त अशनुियों से सांर्ांनित ह ैग्राफीन ऑक्साइड में निस्ट्ततृ तापमान-ननभबर माप ने हमें िमब िाहक निश्राम 

िनतकी में फोनन टोंटी के व्यिहार को समझने की अनमुनत दी। थीनसस के अांनतम भाि में, अल्राशॉटब THz दािों को ननयोनजत करके दो 

ग्राफीन परतों के र्ीच सैंडनिच नकए िए एक सांिमण डाइक्िोजेनाइड मोनोिेयर में उप-र्ैंडिैप फोटोएक्टीिेशन का अध्ययन नकया िया ह।ै 

इन मापों के निए, उप-नपकोसेकां ड THz दािों को दोहरे रांि के अल्राफास्ट्ट एयर-टिाज्मा द्वारा उत्पन्न नकया िया था तानक उन्हें निशेष रूप 



 

से नडजाइन नकए िए राई-िेयर हटेरोस्ट्रक्चर में फेमटोसेकां ड ऑनटटकि पल्स-िेररत िभािों को मापने के निए जाांच दािों के रूप में ननयोनजत 

नकया जा सके। दो ग्राफीन परतों में फोटोजेनरेटेड िाहक ढाि, सांिमण िातु डाइक्िोजेनाइड परत द्वारा अिि नकया िया, िाहकों को समग्र 

फोटोकैररयर पीढ़ी में िनृि की सनुििा के निए मध्यिती परत की ओर पिायन करने के निए मखु्य र्ि िदान करता ह ैऔर इसनिए नसस्ट्टम 

से ऑनटटकि पांप-िेररत THz िनतनिया की तुिना में अकेिे ग्राफीन या सांिमण िातु डाइक्िोजेनाइड मोनोिेयर के निए। इसके अिािा, 

एक अल्राब्रॉड THz फ़्रीक्िेंसी रेंज में नस्ट्थर THz चािकता को व्यनक्तित परतों के साथ-साथ हटेरोस्ट्रक्चर के निए भी मापा िया है, जो 

नक सभी-ऑनटटकि उपकरणों के निए ऐसी क्िाांटम सामग्री के भनिष्य के अनिुयोिों को ननिाबररत करने के निए सानहत्य के निए एक र्हुत 

अच्छा अनतररक्त ह।ै  
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1.1 Timescales of various electron and lattice processes in laser-excited 

condensed matter systems. The downward vertical arrow on the right 

represents an approximate range of characteristic times for the 

dynamical processes. CB and VB are the conduction and valence 

band, respectively. Schematic illustration of various dynamic 

processes such as (a) Multiphoton absorption, (b) Free-carrier 

absorption,(c) Impact ionization, (d) Carrier distribution before 

scattering, (e) Carrier–carrier scattering, (f) Carrier–phonon 

scattering, (g) Radiative recombination, (h) Auger recombination, (i) 

Diffusion of excited carriers, (j) Thermal diffusion, (k) Ablation, (i) 

Re-solidification or condensation.  
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1.2 Cavity configuration of a simple fs laser system based on Ti:sapphire. 

The positive group velocity dispersion introduced by crystal itself 

and by propagation in air is compensated by a prism pair.   

 

 

8 

1.3 The layout of the fs laser system(Astrella) used. The output of Vitara 

(~20fs, 80 MHz, ~800 nm) is taken as the seed pulse(quasi-CW) for 

amplification in regenerative amplifier (Regen), which is pumped by 

Q-switched nanosecond laser (~532nm, ~200ns, 1KHz). The three 

pulsed outputs from Astrella are at ~20 fs, ~200 ns, and ~35 fs. 

 

 

 

 

9 

1.4 Schematic of the SHG autocorrelation or cross correlation technique 

to measure the pulse width. A combination of a slit and UV filter is 

used just before the photodetector to remove the fundamental beam. 

The lower panel shows the measured gaussian pulse trace as a 

function of time delay. 

 

 

 

 

10 

1.5 (a) Experimental schematic of the interferometric autocorrelation 

technique based on the two-photon absorption. (b) The measured 

interferometric counts as a function of time-delay. 

 

 

12 

1.6 Fig. 1.6: (a)  Principle of a two-color ultrashort laser-induced air-

plasma based THz source. (b) Typical output(left: electric 

field,right:THz spectrum) from the THz time-domain spectrometer in 

a dual-colour air-plasma scheme. The pulse-width of the temporal 
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pulses is around 200 fs and corresponding spectrum is extended well 

up to 10 THz. 

 

15 

1.7 Detection of THz pulses by electro-optical sampling in a <110> cut 

GaP crystal. The combination of a quarter-wave plate (QWP) and a 

Wollaston prism (WP) are used to separate two orthogonally 

polarized components of the probe light field(gating pulse). 

 

 

 

16 

1.8 Typical experimental arrangement of pump-probe spectroscopy for 

carrying out studies for non-equilibrium dynamics. PD1, PD2: 

photodiodes, HWP: half-wave plate. 

 

 

18 

1.9 Schematic drawing for the analysis of THz-TDS experimental data. 

Es(t) (Es(ω)) is the temporal (spectral) profile of the THz pulse after 

passing through the sample and E0(t) (E0(ω)) is for the freely 

propagating reference THz pulse. 
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1.10 Home built time-domain THz spectrometer. (a) Schematic of the 

experimental setup used for THz-TDS based on dual-colour air-

plasma scheme. (b) Experimental setup for OPTP time-resolved 

spectroscopy in both the reflection and transmission configurations. 

SHG: second harmonic generation crystal, OPM: off-axis parabolic 

mirror, NC: nonlinear crystal for electro-optic sampling, QWP: 

quarter-wave plate, WP: Wollaston prism, PD: photodiode. 
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1.11 (a) Structures of representative nanocarbons classified according to 

their dimensionality. Fullerenes, CNTs, graphene, and bulk graphite 

represent 0D, 1D, 2D and 3D nanostructures, respectively. (b) The 

intermixing of atomic orbitals (2s, 2px, 2py) of the carbon atoms gives 

rise to three new sp2  hybrid molecular orbitals. (c) σ-bonds are in 

the xy-plane and π-bonds formed by fourth valence electron in the 

2pz orbital, are perpendicular to the xy-plane. 
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1.12 Classification of carbon-based dots. Structural illustration of (a) 

GQDs, (b) CQDs, and (c) CNDs. HRTEM images of (d) GQDs, (e) 

CQDs and (f) CNDs structures are corresponding to (a), (b) and (c), 

respectively. Scale bar: 3 nm.  
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1.13 “Top-down” and “bottom-up” approaches for the synthesis of 

carbon-based dots. 
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1.14 Light emitting properties of CDs. (a) Schematic of core- and surface-

related energy states (left panel) and the assigned spectral bands in 

the PL (right panel) for a typical few nanometric size carbon 

nanoparticles. (b) Top: Fluorescent PEG1500N-attached CDs in 

water prepared by laser ablation when excited at the indicated 

wavelengths. Bottom: Absorption and emission spectra of similar 

CDs passivated with PPEI-EI, in water. The inset shows the dots’ 

normalized PL spectra. Adapted from ref. [37] (c) PL spectra and 

images of the samples consisting of CQDs, when illuminated by 365 

nm laser light. The PL peak photon energy (eV) vs CQDs size (nm) 

is shown on the left.  

 

 

 

 

 

 

 

 

 

 

30 

1.15 (a) Unrolled honeycomb lattice of a nanotube. By connecting lattice 

sites O and A, and sites B and B´, one can construct a nanotube. The 

chiral vector Ch is along the circumference of the tube and the 

translational vector T is along the tube axis. (b) Depending on the 

rolling up of the sheets( chiral angle θ), they can be armchair, zig-

zag, or chiral (c) SWCNT helicity map and examples of (n,m) chiral 

vectors that give rise to armchair, zig–zag and chiral nanotube 

structures with metallic or semiconducting electronic character. (d) 

More than two nanotubes with the same axis forms the multiwalled 

tubes, while the aggregates of the same give rise to the bundles 

formation. 

 

 

 

 

 

 

 

 

 

 

34 

1.16 (a) Brillouin zone in reciprocal space and the allowed lines for a 

nanotube. The total quantized lines in the Brillouin zone of a 

nanotube are N, where N is the number of hexagons in the unit cell of 

the nanotube. Approximate 1-D band structure and corresponding 

density of states D(E) of a metallic tube (upper panel) and a 

semiconducting tube (lower panel). 
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1.17 Left: Variation of transition energies, Eii as a function of tube 

diameter. The semiconducting and metallic nanotubes are shown by 

filled black dots and open red circles, respectively. The dashed 

horizontal line and shaded vertical region denotes the central photon 

energy (1.55 eV) and the corresponding diameters(0.9nm-1nm) used 
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in the present work. The shaded vertical region in the  right 

represents the Raman shift corresponding to the nanotube diameters.  
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1.18 Crystal structure of graphene. (a) the honeycomb lattice of graphene 

in direct space, and (b) the reciprocal lattice, with the unit cell and 

basic lattice vectors. a1 and a2 represent the primitive lattice vectors 

in real space. Similarly, b1 and b2 are in the reciprocal space. The 

dashed ‘rhombus’ show the unit cells. The high symmetry points Γ, 

M, K and K’ are marked in (b). 
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1.19 Structures of (a) pristine graphene with sp2-hybridized carbon atoms, 

and (b) the graphene oxide attached with abundant carboxyl groups 

after oxidation. (c) Reduction of GO into reduced graphene oxide. 

The sp3 matrix decorated with oxygen-containing functional groups 

is indicated in light brown, graphitic areas with different sizes are 

also shown, and the hybrid region with high sp3 /sp2 ratio is indicated 

in dark brown. 
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1.20  (a) Electronic band structure of graphene using nearest neighbor 

tight binding approximation. The conduction and the valence bands 

touch at the six corners (K or K´ points) of the Brillouin zone around 

which the band-dispersions are linear up to ~1 eV. [74] (b) phonon 

dispersion of a graphene layer using density function theory. 
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1.21 The calculated total (black) and oxygen partial (red) density of states 

for GO with different C/O ratios. The Fermi level is set to zero and 

the corresponding work function is mentioned for each case. The 

upper (lower) panel is for the epoxy (carbonyl) oxidation group.     
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1.22 (a) Schematic illustrations of 2D materials ranging from metallic to 

insulating as building blocks to 2D vdW heterojunctions.(b-c) 

Production of van der Waals heterostructures with (b) mechanically 

assembled stacks, and (b) CVD or physical epitaxy. 
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1.23 (a) Schematic energy band diagrams of three types of semiconductor 

heterojunctions: type-I (straddling gap),type-II (staggered gap), and 

type-III (broken gap) heterojunctions (b) Schematic illustration of 

allowed charge transfer in heterostructures with type-I (top) and type-

II (bottom) band alignment. 
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2.1 (a) Optical schematic of the experimental setup used for ns pulsed 

laser ablation of the graphitic microparticles dispersed in water. (b) 

Synthesis of the CQDs in the laser ablation process. The CQDs are 

negatively charged owing to the presence of -CO functional groups 

on the surface. 
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2.2 Schematic illustration of laser-induced plasma and timeline of 

different processes. 

 

69 

2.3 TEM images of (a) S40, (b) S60, and (c) S80 CQDs samples. The 

histogram plots on the right show the particle size distribution in each 

case. 

 

 

70 

2.4 (a) High-resolution TEM image of a single CQD showing crystalline 

interplanar spacing d of ∼3.8 Å. (b) Selected area electron diffraction 

pattern to show the polycrystalline nature of the CQDs 
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2.5 (a) Optical images of the stable CQDs water suspensions as-

synthesized (top)and after four months (bottom) for S40, S60, and 

S80 samples. (b) FTIR spectra of the S80 sample were taken at the 

time of preparation and after four months to show the presence of the 

functional groups attached on the surface to the CQDs. (c) Zeta 

potential results from three consecutive measurements on the S40 

sample. 
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2.6 XRD spectra of untreated crystalline graphite microparticles in 

powder and the three-CQDs samples synthesized by nanosecond 

laser ablation. 
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2.7 Powder XRD patterns of carbon dots with different phosphoric acid 

input concentrations, added to the reaction mixture.  

 

74 

2.8 (a) Raman spectra of the laser untreated crystalline graphite 

microparticles and the CQDs in S40, S60, and S80 water 

suspensions. Raman spectra along with Lorentzian fits for (b) 

graphitic microparticles, and (c) CQDs in the S80 sample. Signature 

G-mode and D-mode of graphite are marked in (b) and those for 

CQDs are shown in (c). The intensity ratios between D and G bands 

are marked in the inset for all four samples. 
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2.9 (a) UV–Visible absorption spectra of CQDs in the S40, S60, and S80  



xvi 
 

samples, and (b) Absorption spectrum of graphitic microparticles. (c) 

Schematic representation for molecular orbitals showing π-π* 

transition of the core sp2 carbon bonds, and n-π* transition of the 

C=O (or other oxygen functionalized groups) bond. The dashed line 

is drawn to mark the spectral shift. 
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2.10 (a) PL spectra at 325 nm laser excitation of CQDs in the S40, S60, 

and S80 samples. (b) Schematic energy level diagram for possible 

optical transitions during light absorption and emission. The overall 

emission is the integrated effect from intrinsic(graphitic core) and 

extrinsic(surface states) routes as indicated. The camera images in the 

middle show’s green fluorescence from quantum dots.(c) Energy 

band diagram showing a blue shift with decreasing particle size with 

increasing laser irradiation time. The dashed line in (a) is drawn to 

mark the spectral shift. 

 

 

 

 

 

 

 

 

78 

3.1 (a) Scanning electron micrograph of the CNF showing the layered 

exfoliation of the material by the laser ablation. (b) Magnified view 

of a small uniform region in the micrograph shows a nearly uniform 

particle size distribution with an average diameter of ∼40 nm. 

 

 

 

89 

3.2 (a) 3D AFM image showing the details of the film morphology 

containing nearly uniform height regions as well as non-uniform 

boundary regions described in Fig. 3.1(a) One section of the uniform 

region within the high-resolution AFM nanograph in (a) taken for the 

estimation of the average thickness of the film. (c) Height profile 

curve obtained by making a cut along the line drawn in (b) providing 

the average thickness to be ∼50 nm. 

 

 

 

 

 

 

90 

3.3 (a) Raman spectra of the crystalline graphitic particles used as the 

starting material in the synthesis process and the resultant material 

under study, a-CNF. Broad characteristic G- and D-peaks in the 

carbon film are indicative of high disorderness. The corresponding 

intensity ratio of the two Raman peaks, ID/IG, is also shown, which 

is sometimes used as an indication of the degree of disorderness in 

the carbon materials. (b) FTIR spectra on arbitrary y-scale to show 

oxygen functionalization during synthesis by creating C-O groups 
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attached to the nanoparticles. For comparison, the spectra of a 

reference quartz plate and the graphitic particles are also shown. 
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3.4 (a) XRD spectra of the crystalline graphitic microparticles used as the 

starting material vis-à-vis that of the a-CNF in (b) prepared by direct 

laser ablation in the scanning technique on a substrate. 
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3.5 (a) Electrical resistivity of a-CNF as a function of temperature 

ramped from 6 K to 350 K confirming the semiconducting nature. 

The regions corresponding to different conduction regimes as 

mentioned have been marked and the model fitting in various 

temperature regions is also shown. (b) Arrhenius plot of electrical 

conductivity (σ) showing the thermally activated conduction (TAC) 

(I) and NNH (II) regimes with solid lines as fit to the data in this low-

temperature regime using Eqs. (1) and (2), respectively. Temperature 

dependence of the conductivity by carrier hopping at (c) intermediate 

temperatures due to the Mott-VRH process and (d) low temperatures 

due to ES-VRH process. Solid lines in (c) and (d) are fits to the data 

using Eqs. (3) and (4), respectively. 
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3.6 (a-b) Model functions in Eqns. (3.3) and (3.4) plotted for varying 

values of TM and TES as mentioned in the two VRH regimes 

assuming an overlap between the two. (c) Plots of the experimental 

data along with best match model function considering overlapping 

between the two VRH regimes and given by Equations. (3.3) and 

(3.4). Large deviation at lower temperatures clearly suggests the 

nonoccurrence of the overlapping between the two VRH regimes (ES 

and M), i.e., no common ρ0 factor. 
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3.7 AFM morphology of films treated with laser fluence of (a) ~48 J/cm2 

and, (b) ~63 J/cm2. (c) R-T measurements on these samples showing 

a slight difference in the temperature dependence. 

 

 

98 

3.8 Temperature dependence of photoinduced current and persistent 

photoconductivity following laser excitation at [(a) and (b)] 325 nm 

and [(c) and (d)] 633 nm wavelengths. The laser ON and OFF times 

have been indicated by arrow marks. For (a) and (c), the background 

dark current has been subtracted appropriately. 
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3.9 Temperature evolution of the photoconductivity rise and decay 

characteristics for excitation wavelengths of [(a)–(d)] 325 nm and 

[(e)–(h)] 633 nm. Both the rise and decay of the signals at all sample 

temperatures have a contribution from a fast (open circles) and a slow 

component (filled circles). The times are given in seconds. 
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3.10 Temperature evolution of the photoconductivity rise and decay 

characteristics for excitation wavelengths of [(a)–(d)] 325 nm and 

[(e)–(h)] 633 nm. Both the rise and decay of the signals at all sample 

temperatures have a contribution from a fast (open circles) and a slow 

component (filled circles). The times are given in seconds. 
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3.11 (a) UV-Visible absorption spectrum of the a-CNF showing a 

maximum absorption at ∼270 nm due to the π–π* transition and a 

broad tail extending into the visible range due to the n–π* transition. 

(b) Schematic of the energy structure and possible electronic 

transitions to describe the nature of the observed PL from the a-CNF 

sample. Trap states represented by T in the joint configuration space 

are incorporated within the forbidden gap, which are thermally 

activated to enhance the PL at intermediate temperatures. (c) PL 

spectra taken at temperatures varying from 6 K to 400 K following 

laser excitation of the a-CNF sample at 325 nm. (d) The unusual 

temperature dependence of the PL intensity maximizing around 100 

K seen from both the integrated PL intensity and the peak height at 

530 nm. 
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4.1 (a) FESEM image of SWCNTs (scale bar = 500 nm), (b). In zoomed 

view, showing a network of nanotube bundles with an average 

bundle diameter of ~10 nm.(Scale bar=20nm). 
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4.2 (a) Raman spectra showing characteristic RBM and G-bands of 

SWCNTs at 785 nm and 532nm, excitation wavelengths. Inset: 

showing the splitting of tangential G-mode into two bands, namely, 

the G+ and G−. (b) Zoomed-in view for the RBM features. inset: 

Zoomed-in view to show the dominance of chiralities (8,6) and 

(7,6). 
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4.3 (a) Optical absorbance spectrum. Inset: Background (dotted) 

subtracted VRS transitions. (d) PL spectrum taken at 3.8 eV 

excitation energy. The colored regions are the typical energy range 

of the indicated optical transition energies. 
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4.4 (a) Experimentally measured time-resolved differential transmission 

from SWCNTs film at 6 K. The continuous curve (in red) is a 

numerical fit obtained by using multiexponential decay function 

convoluted with a Gaussian pulse (80 fs FWHM). (b) optimized fit 

to the experimental data using four exponentially decaying functions 

consisting of responses from (8, 6) and (7, 6) nanotube species. (c) 

Summary of the relaxation processes involved in the decay of 

transient response from the SWCNTs (see text for details). 
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4.5 Temperature dependence of transient transmission response from 

SWCNTs obtained at constant pump fluence of 512 μJ/cm2. Time-

resolved data and numerical fits (continuous curves) at a few sample 

temperatures as indicated. Consecutive plots have been vertically 

shifted for better clarity.   

 

 

 

 

123 

4.6 Evolution of the kinetic fit parameters i.e., (a) amplitude and (b) 

time constants, as a function of the sample temperature.  A’s are 

amplitudes and τ’s are time-constants of various relaxation 

components.  

 

 

 

125 

4.7 Time-resolved transient transmission data and pump-fluence 

dependence of the kinetic parameters recorded at sample 

temperature of 6 K(a-c). Consequent data has been vertically shifted 

for a clarity and thick red curves are numerical fits using four 

exponential functions convoluted with Gaussian pulse (80 fs 

FWHM).  
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4.8 (a-c)Time-resolved transient transmission data and pump-fluence 

dependence of the kinetic parameters recorded at sample 

temperature of 300K. 
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5.1  Raman spectrum of GO obtained at excitation laser wavelength of 

532 nm. The characteristic D- and G-bands and the intensity ratio 

are indicated.     
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5.2 (a) Optical absorption spectrum of GO showing the most prominent 

absorption feature (π → π* electronic transition), which is common 

for aromatic C = C bonds containing material systems. (b) PL 

spectra show broadband emission centered at 510 nm obtained after 

optical excitation at 325 nm wavelength. (c) Marking of the energy 

levels from the vacuum state for the intertwined sp2-sp3 regions in 

the GO. 
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5.3 (a) Schematic of the experimental setup used for time-resolved 

pump-probe spectroscopy in a transmission configuration. The 

sample is mounted on the cold finger of the optical cryostat. Pu: 

pump, Pr: probe, PD: photodiode. (b) Experimentally measured 

time-resolved differential probe transmission from GO film at a 

sample temperature of 6 K. (c) Electronic band structure of GO 

summarizing the various relaxation processes involved in the decay 

of transient response. SA: saturable absorption, primarily in the sp2-

regions, and MPA: multiphoton absorption, primarily from the sp3-

regions.  
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5.4 Measured transient differential transmission data and pump fluence 

dependence of the kinetic parameters. A’s are amplitudes and τ’s are 

time-constants of the exponentially decaying components. (a) Time-

resolved data at various pump fluences as mentioned. Continuous 

curves in the time-resolved spectra are fits using tri-exponential 

decaying function convolved with the Gaussian probe pulse (80 fs 

FWHM). (b) Amplitudes (A’s) and (c) the corresponding time-

constants (τ’s) of the exponentially decaying relaxation components 

in the fluence-dependent dynamics. The dashed and solid curves in 

(b) and (c) represent the mean behavior.  

 

 

 

 

 

 

 

 

 

141 

5.5 (a) Transient transmission response from GO film obtained at 

constant pump-fluence of ~642 μJ/cm2 in a large temperature range 

of ~6–400 K. Continuous curves are fits to the data to extract the 

kinetic fit parameters. (b) Variation of the ΔTr/Tr signal at three 
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different times as indicated. Temperature-dependent evolution of the 

kinetic fit parameters, i.e., (c) the amplitudes (A’s), and (d) the 

corresponding time-constants (τ’s). The linear fit to the data for τ2 in 

(d) to extract the electron-optical phonon coupling strength. Dashed 

curves in (b-d) are drawn to show the mean behavior.    
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6.1 Characterization of graphene, MoS2 monolayer and the GrMoS2Gr 

heterostructure using Raman spectroscopy. (a) Raman spectra of the 

three samples revealing all the characteristic phonon lines of the 

graphene and the MoS2 monolayer. (b) Details and analysis of G-

and 2D peaks of graphene, and 𝐸2𝑔
1 and A1

g modes of MoS2 

monolayer. The shifts in the frequencies of these modes in the 

GrMoS2Gr heterostructure have been marked. Graphene: G-mode at 

~1587 cm-1, 2D-mode at ~2680 cm-1; MoS2: 𝐸2𝑔
1-mode at ~386 

cm-1 and A1
g mode at ~403 cm-1.  

 

 

 

 

 

 

 

 

156 

6.2 Characterization of the MoS2 monolayer, graphene and GrMoS2Gr 

heterostructure by UV-Visible absorption spectroscopy.  

 

158 

6.3 (a-b) Experimental time-domain THz traces and the Fourier domain 

spectra from the quartz substrate and without any sample in air. (c) 

Index of refraction, n and the extinction coefficient,  obtained for 

the quartz plate following thin film analysis as described in the text.  
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6.4 Static THz conductivity of graphene, MoS2 and GrMoS2Gr 

heterostructure. (a-b) THz time-domain scans and the corresponding 

Fourier transforms obtained on different samples; same are shown 

for air as reference. The inset in (a) is the zoomed-in view around 

the field maximum to show the temporal shift between the scans for 

different samples due to the slight difference in the thickness of the 

quartz substrate used in them. (c: upper panel) Real part, Re(σ) and 

(c: lower panel), imaginary part, Im(σ) of the broadband static THz 

sheet conductivity of graphene (Gr), MoS2 monolayer, and 

GrMoS2Gr heterostructure. Thick continuous curves represent the 

mean behavior obtained by using polynomial fitting.  
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6.5 Ultrafast THz response of graphene from through ΔR and ΔT 

kinetics at optical pump photon energies of 3.1 eV and 1.55 eV. 
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Thick continuous lines in the time-resolved spectra are numerical 

fits obtained using exponentially decaying function convolved with 

a Gaussian probe pulse of 200 fs FWHM duration. The thick dashed 

curves in lower panels represent mean behavior of the fluence 

dependence of the kinetic parameters. (a-b) ΔR kinetics at 3.1 eV 

(400 nm) at various optical pump-fluences and the corresponding 

amplitude A1 and decay time-constant τ1 of the relaxation. (c-d) ΔR 

kinetics at 1.55 eV (800 nm) at varying optical pump-fluences and 

the corresponding amplitude A1 and decay time-constant τ1 of the 

relaxation. (e-f) ΔT kinetics at 1.55 eV (800 nm) at various optical 

pump-fluences and the corresponding amplitude A1 and decay time-

constant τ1 of the relaxation.  
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6.6 Ultrafast THz response of MoS2 monolayer. (a) Temporal evolution 

of differential THz reflectivity at various pump-fluences. The thick 

continuous lines are numerical fits of the data to extract the kinetic 

parameters of the evolution.( b) Pump-fluence dependence of the 

amplitudes, Ai and corresponding time-constants, τi of the relaxation 

components in the THz response. The dashed lines represent the 

mean behavior of the parameters.(c) Time-resolved THz reflectivity 

change, ΔR for MoS2 monolayer upon fs optical excitation at 3.1 eV 

and 1.55 eV using pump-fluence of ~20 μJ/cm2.  
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6.7 Time-resolved THz response of GrMoS2Gr measured in the lock-in 

units for (a), fs optical excitation at 3.1 eV with a pump-fluence of 

~14 µJ/cm2 and measured in the reflection mode. The transient THz 

response in (b), reflection, and (c), transmission modes for excitation 

at 1.55 eV using pump-fluence of ~20 µJ/cm2 revealing Gr-like and 

MoS2-like contributions.  
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6.8 Ultrafast THz response of GrMoS2Gr heterostructure through 

measurement of pump-induced ΔR at optical excitation of 1.55 eV 

(800 nm). (a) Time-resolved spectra at various pump-fluences. (b-c) 

Pump-fluence dependence of the relaxation parameters. A1 and τ1 

correspond to the graphene-like response and A2 and τ2 are 

parameters of the MoS2-like relaxation component in the overall 
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response. Dashed lines in the lower two panels represent the mean 

behavior of the fluence-dependence of the relaxation parameters.  

 

169 

6.9 Pump fluence dependence of the ultrafast THz response of 

GrMoS2Gr heterostructure at 3.1 eV (400 nm). (a) Time-resolved 

spectra at various pump-fluences. Thick continuous lines are results 

from numerical fitting of the data at various pump-fluences. (b-e) 

Pump-fluence dependence of the amplitudes and time-constants of 

the fast (negative) and slow (positive) relaxation components. 
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6.10 Transient THz transmission changes at three pump photon energies 

(wavelengths) as marked. For a direct comparison, results for the 

graphene sample are also shown by the red point (data) and 

continuous curves (fitting).  
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6.11 Real space and momentum space representations of the optically 

excited carrier movement between the graphene and MoS2 layers 

accounting for the transient THz response of the GrMoS2Gr 

heterostructure for an optical excitation at 1.08 eV (1140 nm), which 

creates photocarriers only in the graphene layers of the 

heterostructure.  
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